A novel computation method of the 3D weld pool surface from specular reflection of laser beams is presented in this paper. The mathematical model for the three-dimensional surface measurement technique has been developed. The structured pattern of a laser is projected on the weld pool in a molten state and the reflection observed using a CCD camera. These reflected patterns can be tracked using image processing techniques including optical flow and moving point tracking. A simulation model has been developed implementing these techniques. The movement of the reflected laser during the welding process is indicative of the change in state of the weld pool. The surface slope field is calculated from the law of reflection and is used to compute the 3D surface of the weld pool. The measurement technique is tested on objects with a priori knowledge of geometry having a specular surface to test the effectiveness of the measurement technique.
Introduction
Welding has become an indispensable tool for many industries because of the basic role of joining of materials in the manufacturing industry. Some welding techniques, such as gas tungsten arc welding (GTAW), produce high quality welds. For critical and accurate joining where the weld quality must be ensured such as for the root pass and for the welding of advanced materials, GTAW is often used to produce a highquality weld because of its capability in precision control of the fusion process [1] .
In an arc welding process, the electric arc heats the work piece and the molten pool. The temperature gradient on the pool surface creates a difference in the surface tension that drives the liquid metal flow. The electromagnetic force associated with the welding current flow also drives the liquid metal flow. The fluid flow driven convection, which is the major heat transfer form in the weld pool, controls the geometry of the fusion zone. Further, the geometry of the fusion zone determines how the weld pool surface is deformed under arc pressure and gravity. The deformation of the weld pool is a determining factor for the distribution of the arc and the distribution of the current flow (thus the electromagnetic force). Finally, the surface tension depends on the deformation of the weld pool surface and the distribution of the arc (heat input flux and the temperature field). Hence, a chain reaction and strong coupling of heat transfer, fluid flow, and geometrical deformation exists in the weld pool. The physical processes occurring in the weld pool are very complicated.
Due to the extreme complexity, analytic methods in general cannot adequately describe the physical phenomena associated with arc welding processes. Numerical analysis has been a powerful tool in modelling these phenomena and revealing their fundamentals. However, in order to confirm the effectiveness of the numerical models, the calculated results must be compared with experimental data.
Ideally, experimental data for temperature field [2, 3] , fluid flow [4, 5] , fusion zone geometry [6, 7] , and pool surface deformation [4, [8] [9] [10] [11] are all required.
Although the temperature field and the fusion zone geometry can be measured using existing methods, the observation and measurement of the deformation of the pool surface and the fluid flow in the weld pool remain difficult. The strong illumination from the arc disqualifies most visual technologies for possible applications in arc welding. The specular surface of the weld pool adds another difficulty. Hence, despite the importance of observation and measurement of fluid flow and the pool surface, only limited solutions have been obtained to date. This paper will focus on the measurement of the surface of the weld pool, which will significantly benefit the development of the numerical models.
To measure the three-dimensional surface of the weld pool, a sensing system was developed at the University of Kentucky using a specific high shutter speed camera system and a specific optic grid which consists of a grid and frosted glass [12, 13] . A recent study has been done to mathematically model this sensing system in order to optimize the design [14] . While this measurement system can visualize the three-dimensional pool surface by the deformed laser stripes projected through the specific optic grid, it requires a specific camera system whose shutter is synchronized with a pulsed laser so that the intensity of the laser stripes is much stronger than that of the arc during imaging. The acquired quality image of the weld pool surface makes this system suitable for laboratory studies, but the high capital investment of the specific camera system affects its affordability in realtime control applications. To develop a cost-effective system for real-time control applications, this paper proposes a novel sensing technique which only uses a high-speed digital camera and laser and requires no synchronization between the camera and laser. Band pass filters centred at the laser beam's wavelength are mounted on the camera to prevent the arc light and other light sources from entering the camera. This paper is organized as follows: section 2 provides a description of the sensing technique. In section 3, the mathematical model of the weld pool will be ascertained. In section 4, the optical flow tracking method will be introduced. Section 5 will use the optical flow concepts from image processing to analyse the optical points moving in the plane. The reflected points will be used to calculate the slope field of the weld pool surface and the 3D surface reconstructed from the slope field in section 6. Section 7 will conclude all of the above work and present ideas for future work.
Description of proposed sensing technique
In the proposed sensing technique, a laser is used to illuminate the weld pool surface. The corresponding reflected rays are completely determined by the slope of the weld pool interface and the point where they hit the weld pool (also called the intersection points). Figure 1 illustrates the sensing mechanism used. By tracking the reflected rays and computing the slope field of the weld pool surface, the three-dimensional weld pool shape can be determined.
In the laboratory setting, an He-Ne laser connected to projector adapters is used to create a set of parallel incident laser beams in the form of a laser dot matrix. The laser dot matrix is set to cover the weld pool surface area entirely. When these rays hit the solid base metal, their specular reflection is negligible. Those which hit the liquid metal surface of the weld pool are almost completely reflected. Since the angle and position of the incident laser rays have already been set, and if the equation of the reflected ray is known, the reflected point including its slope and position in the three-dimensional world can be determined based on the direction of the incident rays and the reflection law.
The equation of a reflected ray in the three-dimensional world can be determined by knowing any two points on it. A method using dual planes to intercept two points in the reflection path was considered initially. The image of a reflected ray on the two planes gives two points on it. As a result the reflected ray can be directly determined from the images without substantial computation. But due to the limitation of this method, which was the inability of the camera to get clear images of both the planes at the same time, this method was not used. In this paper, an algorithm will be proposed based on observing only one plane which intersects the reflected rays. The reflected rays will be constructed using an approximation and the location of this one point.
The movement of the reflected laser on the intersection plane can be tracked to monitor the state of the threedimensional weld pool surface. During welding, the points on the plane will move with the change of the weld pool surface. Some points may disappear or reappear and some of them will change their relative positions. Tracking these points is a typical feature point tracking problem in pattern recognition. Given a sequence of frames corresponding to a dynamic scene, multi-frame correspondence of a set of selected image points, called feature points of interest, is used to determine the motion trajectories of those points. This paper tries to synthesize some of the existing algorithms for finding and tracking feature points.
Mathematical model and optical theory

Mathematical model
The welding electrode is considered to be above the work piece in the z direction and it moves in the x direction at a constant speed u. A moving coordinate system is so chosen that its origin is at the centre of the welding electrode. The equation that governs the balance at the liquid-vapour and solid-liquid interfaces under the quasi-steady state condition is used to obtain the shapes of these interfaces [4, [8] [9] [10] [11] . The solidliquid interface S s (x, y) is given below as
where
and Pe s is defined as the Peclet parameter and is given by
as [14] . The other parameters with their values are summarized in table 1.
The width of the weld is typically considered to be the width of the solid-liquid interface profile at the surface of the work piece. Figure 2 shows a Matlab simulation of equation (1) to obtain the three-dimensional solid-liquid weld pool interface.
It should be pointed out that the above analytical models are derived from laser welding. Although laser weld pools are in general different from those of a gas tungsten arc, shallow laser weld pools generated by a low power, defocused (large diameter) beam should be similar to those of a gas tungsten arc. Further, the focus of the present research is to measure three-dimensional surfaces of weld pools and the measurement system is modelled to study the effect of the system parameters on measurement results. The surface of the weld pool is given only as input parameters. More importantly and practically, limited work has been done to establish analytical models for gas tungsten arc weld pools. Hence, the analytical models derived from laser welding are Radius or arc/laser, R 0 (m) 0.0003 Speed of welding, v (m s −1 ) 0 . 0 2 used to approximate gas tungsten weld pool surfaces using an energy beam wider than typical laser applications in this paper.
Optical geometry
Incident line.
The incident laser rays are described by direction vectors and the coordinates of the laser source point.
where [15, 16] . Suppose S is a surface with equation
Normal line
Let C be any curve that lies on surface S and passes through point P. Curve C is described by a continuous vector
function r (t) = (x(t), y(t), z(t)). Let t 0 be the parameter value corresponding to
If x, y and z are differentiable functions of t and F is also differentiable, then the chain rule can be used to differentiate both sides as follows:
However, since
, the above equation can be written in terms of a dot product as ∇ F · r (t) = 0. In particular, when
This implies that the gradient vector ∇ F(x 0 , y 0 , z 0 ) at P is tangent to vector r (t 0 ) at any curve C on S that passes through P. Since ∇ F(x 0 , y 0 , z 0 ) = 0, it is natural to define the tangent plane to F(x(t), y(t), z(t)) = k at P as the plane that passes through P and has normal vector ∇ F(x 0 , y 0 , z 0 ). The normal line to S at P is the line passing through P and perpendicular to tangent plane. The direction of the normal line is therefore given by the gradient vector ∇ F(x 0 , y 0 , z 0 ) and its symmetric equations are thus
In the special case in which the equation of a surface S is of the form z = f (x, y) (that is, S is a function f of two variables), the equation can be rewritten as
and we consider S as a weld pool surface with equation
Reflected line.
The reflected lines were calculated based on the law of reflection, which states that the incident angle of a light beam is equal to the angle of reflection. Figure 3 illustrates this concept where θ i is equal to θ r . From figure 3, suppose k i is the angle of the incident ray measured from the horizon and θ is the slope angle of the weld pool interface. Then,
The angle of the reflected line from the horizon is
The function of the reflected line can be written as where (x inter , y inter , z inter ) is the intersection point of the incident ray and the reflector; k rx and k r y are k r (the angle of the slope of the reflected line) in x and y directions respectively. Figure 4 shows a simulation of the proposed method by Matlab. In the figure, dotted lines represent a set of parallel incident laser beams which illuminate the 3D weld pool surface of figure 2. The dark bold lines represent the normal lines of the weld pool surface, and the remaining lines represent the reflected laser beams.
Feature point tracking [18]
If only one incident ray is used to illuminate the weld pool, there will be only one reflected point on the plane. However, in the proposed method, a set of laser rays is used which, after reflection, creates a dot matrix of reflected points on the image plane. While the size and shape of these dots may not change significantly, the pattern formed by them will be distorted and thus vary as the weld pool surface changes. For the rays which hit the solid base metal or solidified weld metal, the specular reflection is negligible. Rays that hit the liquid metal surface of the weld pool will reflect nearly completely. As a result, the reflected points may temporarily disappear, group, enter or leave the field of view. The reflected points can be called feature points or points of interest. This section will discuss how to determine the motion trajectories of those points when given a sequence of frames.
Typically, the characteristics of the motion of feature points are classified and described using different motion models, such as the average deviation conditioned by competition and alternative model [17] , the smooth motion model [20] , and the proximal uniformity model [17] . Many algorithms or methods are provided based on the motion models.
Feature point based motion tracking was used, in the long image sequences algorithm in which dynamic scenes with multiple independently moving objects are considered and feature points may temporarily disappear, enter and leave the field of view. Most of the existing approaches to feature point tracking have limited capabilities in handling incomplete trajectories especially when the number of points and their speeds are large and trajectory ambiguities are frequent. The basic matching algorithm has three basic steps [18] [19] [20] initialization, processing of consecutive frames, and postprocessing. The initialization procedure operates on the first three frames and induces the tracking process. The points in frame 2 are linked to the corresponding points in frames 1 and 3. Starting from frame 3, a different matching procedure is applied. When all frames have been matched, a postprocessing procedure is used to reconsider the points that have temporarily disappeared and later re-appeared. This procedure attempts to connect the corresponding endpoints of the broken trajectories.
Initialization
The initializing step of the algorithm is illustrated in figure 5 . The solid dots are the moving points, the empty dots their locations projected to the neighbouring frames. The solid lines show the competing trajectories. The dashed lines illustrate the formation of the search areas. Considering any arbitrary point P 2,i in frame F 2 , the goal is finding the corresponding points in frames F 1 and F 3 . Using the maximum speed constraint, the location of P 2,i is projected onto frames F 1 and F 3 and the search areas of P 2,i determined in F 1 and F 3 are those regions that may contain the candidate matching points for P 2,i . The search areas of P k,i in F k−1 and F k+1 are denoted by S − k,i and S + k,i respectively with k = 2 in the particular example shown in figure 5 . The radius of these circular areas is defined by the maximum speed V max .
Next, by considering all possible triplets of points (P 1,n , P 2,i , P 3,m ), P 1,n ∈ S − 2,i and P 3,m ∈ S + 2,i , that contain point P 2,i the triplet (P 1,a , P 2,i , P 3,b ) can be found that minimizes for k = 2 the cost function δ(P k−1,n , P k,i , P k+1,m ) based on smooth motion models as introduced by Sethi and Jain [20] .
A cost function evaluates the local deviation from smoothness and penalizes changes in both direction and magnitude of the velocity vector. Its value is normalized so as to span the range [0, 1], with zero meaning no change at all. The smooth motion is formulated quantitatively as
Here P k−1,n P k,i and P k,i P k+1,m denote the vectors pointing from P k−1,n to P k,i and from P k,i to P k+1,m , respectively. The first term in the cost function penalizes changes in the direction, the second in the magnitude of the speed vector. The weights w 1 and w 2 , w 1 + w 2 = 1, are used to balance the two components of the cost function.
The triplet (P 1,a , P 2,i , P 3,b ) is selected as the initial hypothesis and the remaining triplets ranked according to their cost values. (Only the triplets with δ < δ max are considered; δ max is maximum cost and is further discussed in section 4.3.) The initial hypothesis is tested by scanning S − 3,b , the search area of P 3,b in F 2 . Let P 2,q be a point in S − 3,b (see figure 5 ). If S − 2,q has a point P 1,r such that δ(P 1,r , P 2,q , P 3,b ) < δ(P 1,a , P 2,i , P 3,b ), then the initial hypothesis is rejected and the second ranking hypothesis is considered and tested. Otherwise, the testing of the initial hypothesis proceeds with checking P 1,a in the same way. If this check is also successful, (P 1,a , P 2,i , P 3,b ) is output as the initial part of the trajectory of P 1,a . The correspondences established are not altered during further processing.
If all hypotheses for P 2,i have been rejected, then the point is not linked to F 1 and F 3 . It is still possible that P 2,i will be linked to F 3 when the latter is processed. In such a case P 2,i first appears at frame 2 and begins a trajectory starting from frame 2. When all points of F 2 have been processed, some points in the neighbouring frames may remain unmatched. A point in F 1 that is not linked to any point in F 2 disappears, that is, either leaves the field of view or temporarily disappears within the image, e.g., due to occlusion. An unmatched point in F 3 may later open a trajectory.
In the above description of the hypothesis testing procedure, the original hypothesis is rejected immediately when a 'stronger' triple (P 1,r , P 2,q , P 3,b ) is found. However, (P 1,r , P 2,q , P 3,b ) can itself be overruled by still another triple if the verification proceeds by testing (P 1,r , P 2,q , P 3,b ) in a similar way, that is, by switching back to F 2 and F 3 .
Processing consecutive frames
In each frame, a point may have at most two links, a 'forward' one and a 'backward' one. A link indicates that the point is connected to a neighbouring frame. Each link has a displacement vector assigned to it.
The matching procedure for frame k > 2 also operates with three consecutive frames. Consider the current frame F k , k > 2. The previous frame F k−1 has just been processed. In F k−1 , the zero-link points (Z-points) are appearing points whose potential correspondences to F k are to be established. All the single-link points are connected to F k−2 , that is, they are backward-linked points abbreviated as B-points. These points have been marked as disappeared. They are only considered in the post-processing step. Most points usually have both links indicating continuous trajectories. In F k , a point can have one backward link or no link at all. In F k+1 , all points are free (figure 6).
The feature points in F k are processed similarly to the initializing step described above. The only difference is that the already established correspondences are used when available. They are not modified. Consequently, during the hypothesis testing the B-points of F k supply their previous displacements, while the Z-points are projected backwards onto F k−1 to find their candidate displacements. In F k−1 , only the Z-points are considered. These points may be linked to F k and become forward-linked (F-) points.
This procedure provides a natural way to handle appearing and disappearing points, including the motion across the image border. The moving points establish their links in a competitive process that develops as the trajectories grow. When the final frame has been processed, the double-link points form the continuous trajectories. The B-points are the disappearing, the F-points the appearing points.
Post-processing of occlusion
This procedure attempts to connect the broken trajectories. In figure 7 , a broken trajectory is shown along with two possible continuations and a separate, continuous trajectory. Consider a B-point Pe with the incoming velocity v e and an F-point Ps with the outgoing velocity v s . A candidate occluded point is searched for in the intersection of two search areas S + e and S − s . The search areas are basically defined by cost function, cost limit and speed limit. In addition, this procedure makes use of the fact that simultaneous occlusion and drastic turns are rare, since both are relatively rare events compared to the highspeed camera which has 1000 frames s −1 picture grabbing ability. To ensure directional continuity of broken trajectories S + e ∩ S − s is more constrained than it is prescribed by the cost limit alone.
If S + e ∩ S − s is empty, the trajectory remains broken. Otherwise, a point is found that minimizes the cost for the interpolated trajectory. This is done by exhaustive search of S is expanded in the same way into a search area in the next (previous) frame, and the average cost is minimized. As discussed above, less deviation from smoothness is allowed for a hypothetical occluded point than for an actual point being observed. Mathematically, directional continuity of broken trajectories is enforced by limiting the unweighted terms rather than weighted terms. Under these constraints, it is easy to derive that θ 1,2 = θ e ∓ arccos(1 − δ max ) (13)
Here θ e is the direction, v e the magnitude of the incoming velocity vector. From these equations, the maximum allowed direction change for broken trajectories is π/2, when δ max = 1. When δ max = 0.5, the turn limit is π/3. 0 v 1 v e , while v 2 v e . When δ max is set close to unity, v 1 ≈ 0 and v 2 v e .
Tracking reflected points by Matlab simulation
In equation (1), if the welding current is changed (113-120-126-133 A), then the weld pool interface will be distorted. With increasing current, the depth of the weld pool will increase, and at the same time, the reflected lines from the interface will change their direction. The intersection points of reflected lines on the image plane will move with the distortion of the weld pool surface. Using the above tracking method, the movement of every intersection point can be tracked in the Matlab simulation, as shown in figure 8 . The dots are the position of feature points at each state, and the connecting line shows the correspondence established between them by the tracking algorithm. 
Optical flow [21-24]
Optical flow is the apparent motion of brightness patterns across the image plane of a computer vision system or across the retina of the eye in a biological vision system. Optical flow arises from movement of objects in the scene or from movement of the camera (or eye) through the scene.
Calculation of the optical flow is used as a cue to aid the processing of video segmentation. In this case, since the illuminating laser source is fixed in position and angle during the experiment, the movement of the feature points created by the reflected beams can be seen as the optical flow, or in other words, the motion field.
Estimation of optical flow
Assume the weld pool surface is stationary and can be modelled by a mathematical equation, which can be written as a function  F(x, y, z,) , and assume that X is the coordinate matrix of the projected pattern (the 3D space position of a set of parallel laser beams), and X the coordinate matrix after reflection, then the warp between X and X can be obtained from the following equations:
where f (x, y, z) = F(X, X ). Further assume that the weld pool surface shape may be modelled by a 4D (3D Cartesian and time) function, f (x, y, z, t), which varies continuously with position and time.
If the intensity function is expanded in a Taylor series, one may obtain f (x + dx, y + dy, z + dz, t + dt) = f (x, y, z, t)
By ignoring the higher order terms,
Substituting (15) into (16) we get
Hence, f can be calculated from X (the coordinate matrix of the projected pattern), X (the coordinate matrix after refection from the weld pool surface) and X (a vector which represents the track of these feature points).
The relationship among welding power, speed and optical flow
When the incident laser direction is fixed, only two factors can affect the direction of the reflected laser rays, namely the normal or the slope of the weld pool surface, and the position of the intersection point of the incident beam and weld pool surface. Figure 9 (a) illustrates a situation where the slope of the reflecting surface (weld pool) increases. An increase in the slope of the surface would mean an increase in the depth of the weld pool. Following the rule of reflection, the optical flow can be marked in the image. Figure 9 (b) illustrates another case where the reflecting surface undergoes translational motion. As can be seen from figures 9(a) and (b), the direction of optical flow is same for both cases. However, the magnitude of the optical flow created by the change in interface slope will linearly increase with the increase in distance between the imaging plane and the surface, while the optical flow magnitude for the second case, that is translational motion, will remain constant no matter how far the imaging plane is placed from the surface. If the imaging plane is kept far away from the weld pool, then the optical flow due to translational motion of the weld pool will be very small compared to the optical flow due to the change in slope, and hence it can be ignored. The optical flow will therefore be directly related to the change of interface slope. f can be calculated from the optical flow (equation (17)).
Using Matlab simulation, the direct relationship between welding power and optical flow, and the relationship between welding speed and optical flow, can both be explored. In figure 10 , a simulation result of the concept is shown, when the current is increased from 113 to 125 A in a 3 A increment each time; the slope and depth increase at the same time. The majority of the reflected points move away from the optical flow centre.
The weld pool looks like a parabolic mirror. When the surface slope increases, the focus point approaches the mirror surface. Due to the high temperature of the arc and interference of the welding torch the imaging plane and camera are placed far away. If we assume that the focus point is close to the mirror, then after passing the focus point, the reflected rays will diverge as shown in figure 11 . So if the relative distance between the weld pool and image plane is much bigger than the focal length, then the optical flow direction will diverge from the flow centre as the simulation in figure 10 indicates.
Computation of 3D weld pool surface by slope field
Calculation of slope field from laser reflection
For GTAW, the dimensions of the weld pool surface are typically less than 5 mm in width, 6 mm in length and 0.5 mm in depth if the current is below 150 A as used for precision joining. This implies that the depth is ten times less than the width and length. The slope of the weld pool surface should be small. Based on this characteristic, if the incident rays are fixed and the resolutions for the width, length and depth are identical, the x and y coordinates of the intersection points B as shown in figure 12 can be approximated using the coordinates of point A which are considered known. Denote the coordinates of point A as [x, y, z] and those of point B [x , y , z ]. The coordinates of point B are approximated using [x, y, z ] . With this approximation the only unknown variable is z which can be calculated from the slopes k rx and k r y using equations as detailed in this section.
Recall equation (11); if the image plane is set far away from the weld pool surface, for example, 10 cm, then Z inter ≈ 0 and t = Z r = h plane where h plane denotes the height of the plane in relation to the work piece.
In equation (11), parameters such as x inter , y inter and t can be set before the experiment. From the high-speed camera observing the reflected points and optical flow on the image plane, (x r , y r ) can be calculated. Then using equation (10), the direction vector of the reflected rays (k rx , k r y , −1) can be computed. Finally, from equations (8) and (9), the slopes k rx and k r y can be calculated.
Transferring 2D slope field to 3D shape
[x inter , y inter ] and θ can be drawn in one 2D image. It can be imagined as a slope field. The slope vector starts from [x inter , y inter ], and the direction and magnitude is represented by the slope vector, θ . In order to transform the 2D slope field into the 3D shape the depth needs to be calculated using Z = f ( x inter , y inter , θ). The initial rays are uniformly distributed to illuminate the whole weld-pool surface, as illustrated in figure 13(a) . The depths at edge points, A, B, C and D, are very small in comparison with the average depth of the weld pool, and thus can be considered to be zero. From these four edge points, the depths of all other points can be calculated using equation (18) as given below and demonstrated in figure 13(b) . distances between the neighbouring points in x and y directions respectively. To evaluate the accuracy, the error for all matrix points is calculated by computing the depth of all points and then comparing them to the original depth as E = (Z test − Z original )/Z original . The depth algorithm was used to estimate the depth of the weld pool shown in figure 13(a) . The calculated depth profile is tabulated in table 2, and the actual depth profile tabulated in table 3 for comparison. The columns and the rows are the x-y-coordinates, and the scalar at that location of the matrix is the z-depth at that particular point. For the weld pool surface, the innermost depth is the key parameter for its control. There are two major factors contributing to the error in calculating this key parameter.
(1) The projected structure light is a point matrix and the resultant slope field is discrete. Hence, the resultant 3D surface shape cannot represent the continuous change in an actual 3D surface shape. In the above test, the simulated approximate depth according to table 3 is 4.7736 × 10 −4 m, and the deepest intersection point from table 2 is −4.7438 × 10 −4 m. The error is 0.63%. (2) Since incident rays may not illuminate the deepest point on the weld pool surface, the deepest intersection point must be lower than the deepest point on the actual weld pool surface, min(Z inter ) > min(Z welding ). In the weld pool simulation, the deepest point on the weld pool should be −5.2863×10 −4 m. Compared to the approximated result, the error is 9.7%. Figure 14 shows the approximation results in comparison with the actual weld pool surface. In particular, figure 14(a) shows the actual weld pool surface made using the GUI simulation. Figure 14(b) gives the approximated weld pool surface from the 2D slope field. Figure 14 (c) shows a superposition of the above two. From figure 14(c) , the depth is almost the same between the actual 3D shape and the approximated 3D shape. However, due to the above approximation method, especially in x and y coordinates, the approximated shape has a little distortion in x and y directions.
Sample test 1
Using the above method, the 3D surfaces of objects with specular reflection can be measured using a laser. For example, a set of laser ray points can be projected onto a spoon ( figure 15(a) ) and the reflected points ( figure 15(b) ) can be compared with the points reflected from a flat mirror surface ( figure 15(c) ). The optical flow and slope field can then be calculated. Finally, the 3D surface shape can be derived from the slope field ( figure 15(d) ).
Sample test 2
In this example, a convex mirror surface is observed ( figure 16(a) ). To this end, a set of laser matrix points is projected onto the mirror surface ( figure 16(b) ). The distortion of reflected laser points ( figure 16(c) ) is compared with the laser points reflected from a flat mirror. Finally, the 3D surface is calculated from the slope field ( figure 16(d) ). In the calculated 3D surface, the maximum height is 0.6817 cm. The actual maximum height of the convex mirror surface is 0.680 59 cm. The actual height was measured using a coordinate measuring machine (CMM) at the meteorology laboratory at the University of Kentucky. The error is only 0.16%.
Conclusion
Monitoring of the free weld pool surface is an important issue for studying and controlling welding processes. However, due to the strong arc and the mirror-like surface, limited achievement has been made. The novel computation of the 3D weld pool surface from specular reflection as proposed in this paper provides a solution. This paper summarizes the initial research work which establishes the knowledge base and simulation environment.
In particular, this paper has established the mathematical model for the three-dimensional surface measurement mechanism, and has set up a simulation environment based on optical geometry and imaging processing technique utilizing concepts including optical flow, structured light and feature point tracking. The simulation environment can describe the relationship between the resultant image (optical flow of reflected points), the slope field of the weld pool surface and the three-dimensional surface of the weld pool. This technique can also be used for studying the oscillations on the surface of the weld pool which are in the order of less than 100 Hz, provided that the camera is fast enough to capture the movement of the feature points. This method is however limited to the GTAW and cannot be used in processes like keyhole establishment.
With this virtual environment, the parameters of the image system can also be optimized such that the measurement system will be optimally designed to achieve accurate measurement under various weld pool surface shapes. By simulation and measurement of sample objects, the effectiveness of the proposed specular reflection and optical flow based method for 3D specular surface has been confirmed.
